The sequences of the phosphoglycolate phosphatase (PGPase) gene Pgp1 and the 5′-upstream region from Chlamydomonas reinhardtii wildtype 2137 and the pgp1-1 mutant N142 that lacks the activity of PGPase (PGP1) were determined. The comparison revealed the alteration of a G to A at position 98 relative to the start codon. This destroyed the "GT" splice donor site at the beginning of the first intron of this gene, resulting in an extension of the first exon to 49 translatable codons followed by a stop codon, containing the codons corresponding to whole transit peptide for the chloroplast stroma and the first four N-terminal amino-acid residues of the PGP1 subunit. The comparison of the upstream nucleotide sequence of Pgp1 with those of 37 other genes including those involved in the CO 2 -concentrating mechanism and (or) photorespiration showed the high similarity of Pgp1 upstream to a periplasmic carbonic anhydrase gene Cah1; the motifs RAGGTCAGN 8-9 CCR and TTGGCAG were found only within the low-CO 2 responsive genes, including Pgp1 and Cah1. GAN 7 CGNTTGGAAN 2 AG, TTGGAAGGAG, and CAGAGGTCAGN 8 CCG were found only with Pgp1 and Cah1, and ACGCTTGGCAGT and CATTACCAT were found only with Pgp1 and alanine aminotransferase gene Aat1. The possibility of functional PGPase isozyme(s) in C. reinhardtii is also discussed.
Introduction
Phosphoglycolate phosphatase (PGPase), a photorespiratory enzyme that catalyzes the hydrolysis of phosphoglycolate produced by the ribulose-1,5-bisphosphate oxygenase activity of ribulose-1,5-bisphosphate carboxylase-oxygenase, is essential for the growth of photosynthetic organisms in the light. The PGPase-deficient mutant of Chlamydomonas reinhardtii pgp1-1 requires elevated levels of CO 2 and cannot grow under air (Suzuki et al. 1990 ). This high-CO 2 requirement likely results because phosphoglycolate accumulates in the pgp1-1 cells under air during photosynthesis (Suzuki et al. 1999) , as phosphoglycolate is a strong inhibitor of triosephosphate isomerase (Wolfenden 1970; Anderson 1971; Norman and Colman 1991) . However, it is also possible that the mutation blocks the trigger for the induction of the CO 2 -concentrating mechanism (CCM). In the pgp1-1 mutant, the function of the CCM was considerably lower than that in the wild type, in terms of photosynthetic affinity for inorganic carbon and total carbonic anhydrase activity (Suzuki et al. 1990) , and intracellular inorganic carbon accumulation (Suzuki and Spalding 1987) . On the other hand, it has been reported that PGPase is quickly and transiently upregulated by transfer of high-CO 2 -grown cells to air (Marek and Spalding 1991) , although the mechanism is not clear. Thus, the regulation of PGPase activity seems to be closely related to that of the CCM when the cells adapt to different CO 2 conditions, and use of the PGPase mutants should provide valuable information to investigate both regulatory mechanisms. In this report, we compared DNA sequences of the Pgp1 gene and upstream regions of C. reinhardtii wild-type 2137 and pgp1-1 mutant N142 to determine the pgp1-1 mutation. Possible regulatory sites in the upstream region of Pgp1 and the possibility of functional PGPase isozyme(s) are also discussed.
Materials and methods

Strains and growth conditions
Chlamydomonas reinhardtii mutant strain N142 mt-(pgp1-1, cw15) was isolated from the progenies of RPRpgp1 mutant 7FR2N (Suzuki 1995; Suzuki et al. 1999 ) after three crossings with strains containing the CC125-background, such as 124 8 mt-(wild type) and TW3 mt+ (thi10, cw15), which were obtained from K. Shimogawara (Teikyo University, Japan). The pgp1-1 mutant N142 and wild-type 2137 (Suzuki et al. 1990) were grown photoautotrophycally as described previously (Suzuki 1995) .
Determination of DNA sequences
DNA sequences of the PCR products and (or) the subclones ligated into pGEM-T (Promega, Madison, Wisconsin) were determined with automated DNA-sequencing systems 310 and 373 (Applied Biosystems, Foster City, California) using both the Dye Terminator Cycle Sequencing Kit and the Dye Primer Cycle Sequencing Kit (Applied Biosystems). The PCR reactions were performed using TAKARA LA Taq with GC Buffer (TAKARA BIO INC., Otsu, Japan) with purified whole genomic DNA from 2137 and N142 cells, and combinations of the following primers. The primers for the forward direction were PGP1S1 (GCACGAGGGATTATCTGACG), PGP1iSi12 (GCGCAG-TTGCCACCAACGAG), PGP1iS51 (CTCAAGAGC-GGCGAGTTCAT), PGP1iS65 (TGTTCATCGCCA-CCAACCG), PGP1tS2 (AAGGTCCACCCCGACTTCGT), PGP1p41 (TGTGAACTCTCGTTTGGAAG), and PGP1p61 (TTGCTGATGGCCCGTCAGAG). The primers for the reverse direction were PGP1iA21 (GAAGATGAAGCACTC-CACCT), PGP1iA24 (TCCACCTTCTTCAGCAGCTC), PGP1iA62 (ACGTAGCGGTCAAAACCAAC), PGP1iA81 (CATGAAGTCCGAGGGCTTG), PGP1A1 (ACCAGG-CTCCCTTAGC), and PGP1A162 (AGCAACTACGTT-TACTGAGC). Most primers were designed based on the cDNA sequence of PGPase (AB052169). PGP1iSi12 was designed based on the sequence containing the first intron determined in the present study, and PGP1p41 and PGP1p61 were designed based on the 5′-upstream sequence found in the scaffold 1006 obtained from the JGI Chlamydomonas reinhardtii version 1.0 database, using the BLAST search (http://genome.jgi-psf.org/cgi-bin/runBlast?db = chlre1). The sequence determination was done at least twice for both forward and reverse directions. Sequences were analyzed with DNASIS software (Hitachi Software Engineering, Yokohama, Japan).
Sequence interpretation
To help find candidates for regulatory DNA elements, the sequences of a 1000-bp 5′-upstream region of Pgp1 were also analyzed with PLACE, the motif database for plant cisacting regulatory DNA elements (Higo et al. 1999; Prestridge 1991) via Internet (http://www.dna.affrc.go.jp/ PLACE/), and TESS, transcription element search software on the Internet (Schug and Overton 1997; http://www.cbil. upenn.edu/tess/). Because the DNA sequence for the Pgp1 gene we determined was from -634 to 5090 relative to the start codon, the complete 1000-bp 5′-upstream sequence of Pgp1 was obtained from JGI Chlamydomonas reinhardtii version 2.0 database (JGI Chlamy 2.0), which was found in scaffold 34 using the BLAST search (http://genome.jgipsf.org/cgi-bin/runBlast?db = chlre2), where there was no mismatch within the 634-bp upstream sequences, although the complete sequence of Pgp1 gene was not available in the database. The results obtained were compared with those of the following genes: Aat1 (alanine aminotransferase,AB052694);
Csbp
(sedoheptulose-1,7-bisphosphatase, GenBank accession No. Y14608); GapA (chloroplastic glyceraldehydes 3-phosphate dehydrogenase, GenBank accession No. L27668, upstream from JGI Chlamy 2.0); Gdh1 (putative glycolate dehydrogenase, Miura et al. 2004 , upstream from JGI Chlamy 2.0); GscP (putative glycine cleavage system P-protein, Miura et al. 2004, upstream To determine whether the genes were low-CO 2 responsive or not, we referred to Miura et al. (2004) and the supplemental data of Yoshioka et al. (2004) , which is available on the Internet (http://www. plantcell.org/cgi/content/full/tpc.021162/DC1).
Results and discussion
pgp1-1 mutation
The cDNA sequence for the Chlamydomonas PGPase, which we have reported previously (Mamedov et al. 2001) , allowed us to determine the pgp1-1 mutation. The sequences of the Pgp1 gene and the upstream region were determined for Chlamydomonas reinhardtii wild type 2137 and PGPasedeficient mutant pgp1-1-N142, from the position -634 to 5112 relative to the start codon (Figs. 1 and 2, entire sequences not shown). The comparison of these two sequences revealed the alteration of a G to A at position 98 (Fig. 1) , a result consistent with the recent quantitative finding that more than 99% of ethylmethane sulfonate-induced mutations were G/C-to-A/T transitions (Greene et al. 2003) . This change destroyed the "GT" splice donor site at the beginning of the first intron of this gene and resulted in an extension of the first exon to 49 translatable codons, followed by a stop codon (Fig 1) . Because the expected peptide contained the complete signal peptide for stroma and four N-terminalamino-acid residues of the PGPase subunit, it is quite likely that the gene product is digested soon after being translated, even if the mRNA is fully functional and is not digested soon. As we have not been able to detect both the small peptide (Mamedov et al. 2001 ) and the responsible mRNA (data not shown) in either high-CO 2 -grown or air-adapted cells of the pgp1 mutant, it is necessary to determine if it was because of a quick digestion of the mutant peptide or mRNA, or some other reason. Because of such characteristics of the mutation, the suppressor double mutants of pgp1-1 mutant in which PGPase activity is recovered fully or partially to allow the growth under air (Suzuki 1995) should help define the regulatory mechanism of PGPase.
Thus, the deficiency of PGPase activity in the pgp1-1 mutant was caused by the lack of the functional enzyme, and further investigation is required to make clear why the mutant shows quite low CCM activity even in air-adapted cells.
The upstream sequence of Pgp1 gene
The regulation of PGPase activity seems to be closely related to that of the CCM when the cells adapt to different CO 2 conditions. PGPase is quickly and transiently upregulated after transfer of high-CO 2 -grown cells to air (Marek and Spalding 1991) . Although the mechanism is not clear, such a response is expected to be a result of a different gene regulation from that proposed for the periplasmic carbonic anhydrase gene Cah1 (Kucho et al. 2003) . In addition, phosphoglycolate, the substrate of PGPase, has been thought to be a candidate for the trigger of low-CO 2 adaptation (e.g., Suzuki et al. 1990; Kaplan and Reinhold 1999) . To help define the regulatory mechanism of the Pgp1 gene, the DNA sequence of the 1000-bp upstream region was compared with that of 37 other genes, including the genes and putative genes involved in the CCM and photorespiration, most of which are low-CO 2 responsive (Fig. 3) .
The upstream region of Pgp1 gene seems to have the highest similarity to that of the Cah1 gene in Fig. 3 . Although the CAAT motif was found with all genes, except Aat1 and Aox2 (data not shown), which are listed in Fig. 3 , two motifs containing CAAT were observed at similar positions in Pgp1 and Cah1. The first one, CAATCA, was found at -454 in Pgp1 and -473 in Cah1, and the second one, CAATTG, was found at -146 in Pgp1 and at -150 in Cah1. Such similarity was not observed with any other genes that we compared. The region between the two CAAT motifs of Pgp1 upstream has a sequence similar to the EE-1 motif (Kucho et al. 2003) of Cah1 upstream (Fig. 2) . Although the EEC motif (GANTTNC, Kucho et al. 2003) was not found, two regions have the consensus sequence GAN 7 CGN-TTGGAAN 2 AG (-436 to -424 and -266 to -254) , which was also found in EE-1 of Cah1 upstream (-283 to -271). The sequence TTGGAAGGAG, which contained the TGGAAGG motif (R02828 in the TRANSFAC database), was found in Pgp1 upstream and the EE-1 motif in Cah1 upstream (Fig. 3) . Such motifs are not found in any other genes, and likely involved in the common regulatory mechanism for Pgp1 and Cah1.
It has been proposed that the EE-1 and EE-2 motifs, which contain the EEC motif as the consensus sequence, are essential for binding the transcriptional regulator CCM1 (CIA1) Xiang et al. 2001) . Recently it has been proposed that the CCM1 is a master regulatory factor of low-CO 2 inducible genes Xiang et al. 2001; Miura et al. 2004 ). Although Pgp1 gene may be one of the CCM1-regulated genes , it is not likely that this gene is regulated directly by CCM1 because of the lack of the EEC motif, but it is likely that this gene has another regulatory mechanism that the Cah1 gene also has. It is also possible that CCM1 is able to bind to another site in the upstream region or that it requires other factor(s) for proper operation because the EEC motif was not found in the 1000-bp 5′-upstream region of 11 low-Can. J. Bot. Vol. 83, 2005 Fig. 3 . Comparison of the 5′-upstream 1000-base-nucleotide sequence of the Pgp1 gene with those of 37 other genes mostly involved in carbon and nitrogen metabolism. The upstream sequences were obtained from the JGI Chlamydomonas reinhardtii version 2.0 database (JIG Chlamy 2.0, http://genome.jgi-psf.org/chlre2/chlre2.home.html), after searching corresponding genes with BLAST or a key word search with the gene or cDNA sequences available in the DDBJ, EMBL, GenBank, and Kazusa Chlamydomonas reinhardtii EST (Kazusa Chlamy EST, Asamizu et al. 2000 , http://www.kazusa.or.jp/en/plant/chlamy/EST/index.html) databases or published papers. Numbers starting with "C_" are the gene model names in JGI Chlamy 2.0, and others are DDBJ, EMBL, or GenBank accession numbers. The accession numbers in parentheses indicate sequences that were used only for the BLAST searches. CGCGCC, GGGTTGAANTCCC, and AACCCCNGNTGCA are the sequences reported to be conserved in some CO 2 -responsive genes, including Cah1 (Kucho et al. 1999) . AACCAA is the sequence annotated as "REalpha" in the Lemna gibba Lhcb21 gene promoter (Degenhardt and Tobin 1996) . TTGGAAGGAG is the sequence observed within the EE-1 region (Kucho et al. 2003 ) of the Cah1 gene upstream. AGGTCA is the sequence annotated as "Q (quantitative)-element" in the maize Zm13 gene promoter in the PLACE database (http://www.dna.affrc.go.jp/PLACE/). ACGCTTGGCAGT and CATTACCAT are sequences observed only in the Aat1 and Pgp1 upstreams in this report. Pgp2 and Pgp3 are putative genes, based on sequence similarity with the Pgp1 gene, as annotated in JGI Chlamy 2.0. +, positive low-CO 2 response; (+), probable positive low-CO 2 response; -, negative low-CO 2 response (or positive high-CO 2 response); (blank), no apparent CO 2 response. The EST fragments corresponding to Pgp2 and Pgp3, identified by using the BLAST search in Kazusa Chlamy EST, did not have low-or high-CO 2 responsive characteristics in the web-only supplemental table , http://www.plantcell.org/cgi/content/full/tpc.021162/DC1). The position from the start codon is indicated for each motif found in the upstream region. The motifs found only in low-CO 2 responsive genes are indicated by bold letters, and the motifs found only in Pgp1 and other genes involved in CCM and photorespiration are boxed by thick lines. CO 2 responsive genes such as Aat1, LciA, and Sta2, and was also found with eight genes that were not low-CO 2 responsive, such as GapA, H43, and Cah2 (Fig. 3) . The motif CAGAGGTCAGN 8 CCG, which contains the AGGTCA motif annotated as the "Q (quantitative)-element" in the maize Zm13 gene promoter (Hamilton et al. 1998) in the PLACE database, is a good candidate for the region involved in the common regulatory mechanism of Pgp1 and Cah1. This motif was found only with these two genes at the similar positions (-639 to -619 and -699 to -679, respectively).
CrPGP1 1 --MLSLKQLPSARCAARPVR-----------------------PVRRMVAAQASARPIAT CrPGP2 1 -------------------------------------------------------MKKAT
Although CAGAGGTCAGN 8 CCG was not found with any other genes in Fig. 3 (data not shown) , a more leaky motif, RAGGTCAGN 8-9 CCR, was also found with Ccm1, Ccp2, LciA, and Mca2 (Fig. 3) . TTGGCAG, which contains the TTGGCA motif (Paonessa et al. 1988) , was also found with Pgp1 and Cah1, as well as with Aat1, Lci5, and Lcr1 (Fig. 3) . Thus, although there was no motif that was com- mon among the low-CO 2 responsive genes shown in Fig. 3 , the two motifs, RAGGTCAGN 8-9 CCR and TTGGCAG, were found only within the low-CO 2 responsive genes involved in the CCM and photorespiration, suggesting that these two motifs are involved in the signal transduction for low-CO 2 adaptation in C. reinhardtii.
The Pgp1 upstream region also has some motifs quite similar to those in Aat1 upstream (Figs. 2 and 3) . The following sequences were found only in the similar regions of Pgp1 and Aat1 upstreams (Fig. 3) : ACGCTTGGCAGT was found at -84 to -73 in Pgp1 and 50 to -39 Aat1, and CATTACCAT was found at -50 to -39 in Pgp1 and -132 to -124 in Aat1. Thus, Pgp1 and Aat1 genes are quite likely to have common regulatory mechanism(s) in which these two sequences are involved together with the above-mentioned sequence TTGGCAG, although these motifs were not found in the upstreams of the other photorespiratory genes GcsP, Gdh1, Shmt, and Sgat.
Further investigations are necessary to clarify the regulatory mechanism of the Pgp1 gene to help understand the mechanism that optimizes photosynthesis when organisms adapt to different concentrations of inorganic carbon.
Possible PGPase isozymes
The deduced sequence of mutant PGP1 contains the complete stroma-targeting signal peptide, followed by 21 amino acid residues, but contains only four amino acid residues of the wild-type PGPase mature subunit (Fig. 1) . It is, therefore, quite unlikely that the mutant PGP1 is functional and responsible for the residual PGPase activity observed in the pgp1-1 mutants (Suzuki 1995; Suzuki et al. 1990 Suzuki et al. , 1999 . The observed residual activity in the mutants could be caused by nonspecific phosphatase(s) and (or) isozyme(s) of PGPase.
Two putative PGPase genes, Pgp2 and Pgp3, have been proposed in JGI Chlamy 2.0 based on similarity with the Pgp1 cDNA sequence. Comparison of the deduced amino acid sequences of putative gene products with that of PGP1 showed that all three gene products had all consensus motifs of p-nitrophenyl phosphatases (Selengut 2001) , except motif IIIa (Fig. 4) . PGP2 was very likely to lack any transit peptide, but PGP3 seems to have a transit peptide region quite similar to those of thylakoid lumen-targeted peptides (Fig. 4) . On the other hand, a phylogenetic tree produced after the ClustalW alignment with the related gene products showed that the sequences of putative PGP2 and PGP3 subunits were rather similar to that of p-nitrophenyl phosphatases rather than that of PGP1 subunit, and were less similar to those of bacterial PGPases (Fig. 5 ). Based on a comparison of these sequence characteristics, PGP2 and PGP3 are likely to have PGPase activity, although they are less similar to PGP1 than the Arabidopsis putative PGPase, and it is not clear if Pgp2 and Pgp3 are really functional or not. As the expression of Pgp2 and Pgp3 did not change after transfer from high-to low-CO 2 levels (Fig. 3) , based on the supplemental data of Yoshioka et al. (2004) , the physiological role(s) is likely not in photorespiration if they are functional PGPases but rather in nonphotosynthetic reactions such as DNA repair (Pellicer et al. 2003; Kim et al. 2004 ). However, some of the suppressor double mutants of pgp1-1-18-7F with a partly recovered PGPase activity (Suzuki 1995) may have enhanced Pgp2 and (or) Pgp3 expression. It is, on the other hand, still possible that the low rate of glycolate production observed in pgp1 mutants (Suzuki et al. 1999) are catalyzed by other phosphatase(s) such as galactose-1-phosphatase that has been reported in Arabidopsis thaliana to have some PGPase activity (Laing et al. 2004) .
